INTRODUCTION
The measurement of dynamic three-dimensional (3D) vocal-tract (VT) shapes is fundamental to successfully quantifying the relation between articulatory and acoustic characteristics of the vocal-tract. Unfortunately, direct measurements of the vocaltract are currently restricted to the acquisition of either static 3D or dynamic 2D shapes. Nevertheless, indirect measurements are possible. In this paper, static vocal-tract volumes obtained with Magnetic Resonance Imaging (MRI) 1, 13, 6] are used to derive a vocal-tract parametric 3D model which is used to constrain vocal-tract con gurations to morphologically plausible shapes. It is then shown that the parameters of this model can be estimated from the position of points contained in the midsagittal plane of the vocal-tract. It was observed that, if the entire midsagittal pro le is available, as in the case of cineradiographic measurements, vocaltract volumes can be well recovered. However, when only a limited number of points contained in a restricted region of the vocal-tract are available, as in the case of magnetometer data 5], the estimation becomes considerably worse. In such a case, the acoustic information contained in the speech can be used 10, 11] . The idea is that, although there may exist many vocal-tract con gurations that map on a given set of formant frequencies 4], or on a given set of midsagittal pro le point positions, the number of con gurations that map on both simultaneously must be considerably smaller (see Fig. 1 ). Acoustically and articulatory events that happen in the vocal-tract (and even on the face 9]) during the speech generation process are strongly linked. This work tries to contribute towards a better comprehension of these links.
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Profile Space Midsagittal Figure 1 : Diagram illustrating the model proposed to reduce ambiguity in determining the vocal-tract shape from points in the midsagittal pro le and formant frequencies.
MORPHOLOGICAL INFORMATION
None of the vocal-tract measurement techniques currently available is able to acquire quantitative information with both good temporal and good spatial resolutions. In this section, the good spatial resolution obtained with MRI is used to characterize the information inherent to the morphology of the vocal-tract. This characterization can be used to constrain the vocal-tract space so that its con guration can be estimated from the limited information that can be acquired with good temporal resolution (e.g. speech and midsagittal pro le.) Although containing many degrees of freedom, the vocal-tract has its space of possible con gurations limited by the human morphology. In the method described below 8, 12] principal component analysis (PCA) 2] was applied to parametrize a corpus of 24 vocal-tract volumes.
Corpus
A corpus of 24 vocal-tract 3D MRI images was obtained for one subject (HY: male, Brazilian Portuguese native speaker). The volumes correspond to 7 oral and 5 nasal Portuguese vowels. Each vowel was scanned twice: once transversally and once coronally. The distance between adjacent slices was 4mm for coronal acquisition, and 5mm for transversal acquisition. An important point here is that it was possible to extract the volumes without the need of combining data scanned coronally and transversally at di erent times (cf. 13]). The procedure used to extract the volumes is described in 8, 7] . A typical volume is shown in Fig. 2a . Each volume was represented by its projections on a semi-cylindrical grid (which is an expanded version of the semi-polar grid described in 3]). After that, the points contained in each grid section were interpolated so that all sections were approximated by a xed number of points (128). Subsequently, the sections themselves were interpolated along the tract so that each volume was represented by a xed number of sections (32). Fig. 2b shows the 32 sections extracted from the volume seen in Fig. 2a plotted along a linear axis. After this procedure, each volume was represented by a matrix containing 32 rows and 256 columns (each of the 128 points in a section has two coordinates).
Parametrization
The parametrization is carried out in two steps. First, PCA is performed on the 32 sections of the volumes in the corpus. It was found that each section can be well approximated by a weighted sum of two eigenvectors. By doing so, each volume is represented by 64 weights. These weights are, however, highly correlated (see Fig. 2c ) and, using PCA once again, can be approximated by a weighted sum of 4 eigenvectors. At this point, the entire vocal-tract is represented by only 4 parameters! (Fig. 2d) The mathematical procedure follows below.
As already said, each volume is represented by a matrix is then used to express R n as R n = U n S n U T n ;
where S n is a diagonal matrix whose (diagonal) entries are the eigenvalues of R n . The associated eigenvectors, normalized to unit Euclidean norm, are the columns of U n . It was veri ed that the rst K = 2 eigenvectors of R n explain about 90% of the total variance of R n , so that the shape of each cross-section can be well approximated as a linear combination of the K = 2 eigenvectors associated with the K = 2 largest eigenvalues of R n c pn U nK d pn + n ;
where U nK is the matrix formed by the rst two columns (eigenvectors) of U n , and d pn is a K = 2 dimensional vector given by the projections of c pn onto the directions de ned by the eigenvectors con- 
Each vocal-tract volume C p is now parametrized by the L = 4 coe cients of vector e p . These parameters, together with the matrices of eigenvectors V and U n , and the mean vectors D and n , can be used to recover the vocal-tract volume by means of equations (9) 
Results
With the purpose of getting an interpretation of how the parametric model described above works, the shapes of cross-sections along the vocal-tract are shown in Fig. 3 for the cases when the rst component of e (i.e. the weight of the rst eigenvector) equals plus and minus its standard deviation in the analyzed corpus. This component accounts for about 61% of the total variance of the tract, and is mainly associated with the position of the tongue. A comparison between shapes measured and recovered from the parametric model is shown in Fig. 4 for the case of the vowel /ao/. Note that most of the morphological features of the tract are well \captured" in the parametric representation. Fig. 5 shows the results when the parameters of the model are estimated from points along the midsagittal prole. It can be seen that a fairly good estimation is achieved when the complete midsagittal pro le is used. However, not surprisingly, the results (especially for the pharyngeal cavity) get worse when only a limited set of 5 points of the oral cavity are used for the estimation. (This test was done considering the case of data acquisition through magnetometer.)
ACOUSTIC AND PROFILE INFORMATION
Formant frequencies are basically determined by the vocal-tract shape and, hence, are good candidates to be used as acoustic parameters in the process of determining the vocal-tract con guration. Nevertheless, they alone are not enough to achieve this target 10, 4]. In the same way, data collected with a magnetometer, even when combined with morphological information, yield only partial information about the vocal-tract con guration. However, they both combined are potentially capable of getting better estimations than when used independently. E orts in this direction are being done presently. If succeeded, formant and articulatory trajectories, such as those shown in Fig. 6 , can be used to estimate trajectories of the entire vocal-tract volume. Unfortunately, at this moment, since magnetometer and MRI data cannot be acquired simultaneously, we are still facing problems to obtain the mapping between vocal-tract volume parameters and magnetometer pellet positions. Fig. 7 shows considerable di erences among the formant frequencies measured during MRI and magnetometer sessions. Our plan now is to use these di erences to estimate the corrections necessary to form a good approximation of the mapping between pellet position and volume parameters.
CONCLUSION
A model to represent vocal-tract volumes by four parameters was proposed. It was also shown that these parameters can be relatively well estimated from the partial information contained in the vocaltract pro le. The problem of incorporating acoustic information to the estimation procedure is still under analysis. Gray symbols: coronal scanning sessions. Circles and squares correspond to formants extracted from speech just before and just after MRI acquisition, respectively. X: formants calculated from area functions estimated from measured vocal-tract volumes.
